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This  report   presents  results  from  an  experimental   study of fluctuating  surface  pres- 
sures  and  far-field  noise  produced  by a subsonic  circular  jet  impinging  normally  to a 
large,  rigid, flat surface.  The  tests  were  performed  in  an  anechoic  room  for jet Mach 
numbers  from 0.54 to 0.85 and for  jet-to-surface  heights  from 5 to 10 jet  diameters. 
Space  and  time  correlations of surface  pressure  indicated  a  radially  spreading,  decaying 
pressure  field  having  correlation  lengths on the  order of one-half  the  jet  diameter  with 
convection  speeds  between 0.5 and 0.6 of the  peak  wall-jet  velocity.  Overall  sound  pres- 
sure  level  varied as the  eighth  power of the  jet  velocity,  with  noise  levels  increasing  in 
most  directions as the  jet was lowered  closer  to  the  surface.  Large-scale  orderly 
structures  in  the flow were  suggested by the  noise  spectra  which  peaked at a Strouhal 
number of about 0.3. 
In addition,  an  analytical  formulation  based on Curle's  equation  and  a  variation of 
Powell's  image  argument  for  infinite  surfaces  was  given  to  approximate the apparent 
noise-producing  regions of the  flow  in t e rms  of c,ross-correlations and cross-spectra 
between  the  surface  and  far-field  measurements.  Results  pointed  to  the  impingement 
region of the  flow  field as the  major  contributor  to  the  far-field  impingement  noise. 
INTRODUCTION 
The  impingement of a jet  of air or  exhaust  gas  on a surface  occurs  in  many  differ- 
ent  aerospace  vehicles  having  diverse  applications.  Short  take-off  and  landing  aircraft 
(STOL), both  the  externally blown flap  and  upper  surface  blowing  types,  employ  a  wing- 
flap  surface  to  deflect jet engine  exhaust and  provide  propulsive  lift.  Rockets  on  launch 
pads  often  employ  thrust  deflectors  to  divert  the hot  engine  exhaust  away  from  the  rocket. 
Thrust   reversers  are used  by  jet  aircraft  after  landing  to  change  the  direction of thrust  
in  order  to  bring the aircraft   to a quick  stop.  Although  the  applications  are  different,  all 
of these  examples  involve a jet impinging  on a surface. In the  process,  high  levels of 
f luctuating  surface  pressure  are  generated,   and  intense  noise  usually  results.   These  high 
levels are, of course,  potentially  undesirable  situations  from  the  viewpoint of both  acoustic 
fatigue  to  the  structure  and  acceptable  noise  standards  for  the  community. 
This  report   presents  results  from  an  experimental   study of fluctuating  surface  pres- 
sure  and  acoustic  radiation  for a subsonic  jet  impinging  normally  to a large,  flat, rigid 
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surface.  The  prime  objective  was  to  quantify  surface  pressure and noise  level  simultane- 
ously  for  this  simple test arrangement  and  to  establish  the  interrelation  between  the two 
in  order  to  determine  the  major  noise-producing  regions of the  flow. Jet impingement 
has been studied extensively in the past. (See, for example, refs. 1 to 18.) Most of the 
work  (e.g., refs. 1 to  10)  has  .been  aimed at characterizing  the  mean  flow  structure  with 
the  goal of identifying  and  analytically  modeling  the  regions of physically  similar  flow 
behavior. Several of the studies (e.g., refs. 5, 11, and 12) have included measurements 
of the  turbulent  flow  structure.  Others  (refs.  13  to  15)  have  devoted a major  part  of their  
studies  to surface pressure  fluctuations  resulting  from  the  impingement  process. In addi- 
tion,  there  exist a few  published  reports (refs. 16 to 18)  that  study  the  noise  field  produced 
by jet impingement on very  large  surfaces.  (In contrast   there are many  noise  studies  for 
situations where surface edges play a dominant  role.)  There are few, if any, published 
reports  which experimentally  study  either  the  turbulent  flow  structure  or  fluctuating  sur- 
face  pressure  simultaneously  with  the  noise  field  for a very  large  (infinite)  surface.  There 
are several  fundamental  theoretical  studies,  such as reference 19,  which t reat  flow  over 
infinite  surfaces  in  general. An attempt  to  computationally  relate  the  fluid flow and i t s  
time-varying  properties  to  the  noise  field  for  jet  impingement  has  been  made by  Woolley, 
Karamcheti, and Guenther (ref. 20). Pan (ref. 21) has proposed a method for separating 
surface and  volume  contributions  to  the  noise  field  for  various  flow-surface  interaction 
problems,  including jet impingement. 
This  report   presents  results  based on measurements of far-field noise  and  fluctuating 
surface  pressure.   Overall   pressure  levels and  power  spectral  densities are given  for  both 
measurements. Cross-correlations are presented between pairs of surface measurements 
and  between  surface  and  far-field  measurements. In  addition,  the  appendix  presents an 
analytical  formulation  which  approximates  the  apparent  noise-producing  regions  near  the 
surface in te rms  of cross-correlations  and  cross-spectra  between  surface  and  far-field 
measurements.  The  formulation is based  on  Curle's  equation (ref. 22) and  a  variation of 
Powell's  image  argument  for  infinite  surfaces  (ref.  19). 
SYMBOLS 
A surface  area 
a,b arbitrary  stationary  random  processes 
C speed of sound  influid  medium at r e s t  
















measured power spectral density function, 2Saa(f) (0 5 f < m) 
jet height  above  surface 
wave  number, w/c 
jet  Mach  number 
far-field  acoustic  pressure 
fluctuating  surface  pressure 
jet  dynamic  pressure 
correlation  function,  (a(t) b(t+-r)) 
distance  between  far-field  observation  point  and  source  point, IZ - 5 ; ]  
00 
power  spectral  density  function, l-, Rab(T) e -iw -r d7; also 1Sab(w)I e iG 
Lighthill s t ress   tensor  
observer  t ime 
velocity of fluid 
eddy  convection  velocity 
centerline  velocity  in  jet  exit  plane 
maximum  velocity  in  wall  jet 
volume  region 
distance  to  observer  position  from  jet-impingement  stagnation  point 
3 
Y distance  tosource  position  from  jet-impingement  s agnation  point 
5 977 coordinates  defining  plane  normal  to  surface  containing  surface  microphone 
positions (refer to  fig. 3) 
7, vertical  distance  to  maximum  velocity  in  wall jet 
770 
vertical  height  above  surface of assumed  source 
77 1/2 vertical  distance  to  point  in  wall  jet  where U = U mI2  
8 angle  between  surface  normal  and 2 
h acoustic  w velength 
[ref position of fixed  surface  microphone  used  in  space-time  cross-correlations, 
0.44d 
P  density 
Rab( '1 
Pab(') correlation  coefficient, 
7 delay  time
calculated  delay  time  based  on eddy  convection  model, - r 5  - - 'eddy - 
u c  
'meas measured  delay  time 
@ phase  angle 
* angle  between Z and 3; 
w circular  frequency, 2nf 
4 
Subscripts: 
i,j  indices of components of vectors  
n  normal  to surface 
Abbreviations: 
dB  ecibel,  referenced to 20 pPa 
OASPL overall  sound  pressure  level 
SPL sound pressure  level 
A bar over a symbol indicates root mean square, the brackets ( ) denote a 
time  average,  an  arrow  over a symbol  indicates a vector, and a prime  denotes  the  image 
region. 
TEST SYSTEM 
Facility  and  Test  Apparatus 
The  tests were performed  in  an  anechoic  noise  facility  at  the  Langley  Research 
Center.  The  test  chamber of this  facility is approximately 7.6 m long, 7.6 m wide, and 
7.0 m high.  The  walls,  floor, and ceiling are lined with fiberglass  wedges, which were 
designed f o r  a chamber cutoff frequency of approximately 100 Hz.  The  entire  floor  area 
is covered with removable  metal  grating. 
A photograph of the  experimental  apparatus  in  the  anechoic  room is shown  in  fig- 
u re  1. A i r  f rom a regulated  high-pressure  system was  supplied continuously into a 
0.30-m-diameter  flexible  hose,  through  an  adapter, and then  into a 6.35-cm-diameter 
pipe. The pipe was bent 90' with a 2.0-m run length to the exit. The last 0.5-m section 
was  machined  aluminum  pipe,  which  formed  the  nozzle.  The  supporting  mechanism  for 
the  hose  and  pipe  allowed  for  adjustments  to  the  position of the  pipe  over a test   surface 
for  the jet impingement tests. The  surface was a 3.0-m by 1.8-m by 2.54-cm sheet of 
polished aluminum alloy. It was made large to minimize the added complications of 
noise  due  to  edge  effects  and  was  rigid  and  smooth  to  eliminate any effects of structural  
vibration  or  other  secondary  noise  sources. It was  fastened  about  its  perimeter  to a 
12.7-cm  steel  channel.  Rubber  was  used  between  the  surface  and  the  channel to minimize 
vibration  transmission.  The  entire  surface  was  supported by a steel f rame which placed 
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the  surface  about 0.76 m above the floor. For the free-jet tests, the  surface,  support 
frame,  and  the  metal  grating  floor  were  removed. 
Instrumentation  and  Procedure 
One-eighth-inch  condenser  microphones  were  used  to  measure  fluctuating  surface 
pressures.   The  surface was drilled  through at 12  positions  (radially  from  the jet- 
impingement stagnation point) to provide room for the microphones. The microphones 
were  used  without  their  protective  grids so that  the  microphone  diaphragms  were  exposed. 
The  diaphragms  were  flush  with  the  surface.  The  microphones  and  their  adapters  were 
isolated  from  the  surface by means of nylon bushings.  Details of this  arrangement are 
shown  in  figure  2.  Positions of the  surface  microphones are given in table I. 
A  single,  1/2-in.  condenser  microphone w a s  used  to  measure  the  far-field  noise. 
The  microphone was placed  on a remotely  operated  boom  (shown  on  the far left-hand  side 
of fig. 1) and  was  rotated  through  an  arc  in a plane  perpendicular  to  the  surface.  The  arc 
had a radius of 3.05 m  and  was  centered at the  stagnation  point on the  surface. 
Data  from  both  the  surface  microphones  and  the  far-field  microphone  were FM- 
recorded on a 14-channel  tape  recorder  at  150  cm/sec.  Prior  to  testing,  microphones 
were  selected  with  similar  phase  characteristics  and  the  tape  recorder  channels were 
chosen to minimize interchannel phase differences. Pretest broad-band calibrations 
showed that all system  interchannel  time  delays  were less than  15  psec.  The  frequency 
response  curve  for  the  system w a s  generally flat within *1 dB  over  the  recorded  frequency 
range  from 200 Hz to  15 000 Hz. The  recorded  data  were  reduced by employing a general 
time-series-analysis  computer  program  to  yield  overall  signal  levels,  narrow-band  power 
spectra  (60-Hz analysis bandwidth), autocorrelations, and cross-correlations. Assuming 
normality of data  and  standard  statistical  methods,  it is 90 percent  certain  that  the  spectra 
are within A.l dB of the  true  spectra. 
Tests  were performed at Mach numbers  (based  on  jet  centerline  velocities) of 0.54, 
0.62, 0.70, and 0.85. Ratios of jet  height  to  nozzle  diameter  were 5, 7, and 10; in addition, 
the free jet was also  tested. 
RESULTS AND DISCUSSION 
This  section  presents  results  from fluctuating-surface-pressure measurements, 
far-field-noise  measurements, and the  interrelational  properties of the two. It will be 
helpful,  however,  to  briefly  review  some  previous  work  and  the  terminology  defined 
therein.  Based  on  results of reference 1, the  jet-impingement  flow  field  can  best  be 
described by considering  three  separate  regimes  (see  fig. 3): (1) the  free-jet  regime 
which is upstream of any  strong  flow-surface  interaction  effects  and  where  the  jet  behaves 
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about  the  same as it would if no surface  were  present, (2) the  impingement  regime  where 
the  back  pressure  caused by  the  surface  strongly alters the free-jet behavior  and  con- 
siderable  change  in  the  flow  occurs,  and (3) the  wall-jet  regime  where  the flow is 
spreading  radially  outward  along  the  surface  and  nearly  self-similar  mean  velocity  pro- 
files develop  in  the  flow. A sketch of the  flow  field  and  definition of the  coordinate  system 
used  in  this  report are also  presented  in  figure 3. In general,  the  extent of the  different 
flow  regimes  may be functions of jet Mach  number  and jet height-to-diameter  ratio. 
Mean Flow Measurements 
In this  section of the  report,  typical  velocity  profiles  for  the  free  jet and  the  wall 
jet  are  presented.  The  measurements were made  during  an  earlier  test  and are reported 
in  reference 18. Typical radial velocity distributions at several positions downstream 
are presented  for  the free jet  in  figure 4. The  data are for  a jet  exit Mach number of 0.93. 
Note that  the  distribution is nonuniform  in  the  jet  exit  plane as a resuIt of a relatively 
thick  turbulent  boundary  layer  built up within the pipe. However, there is a  section of 
flow  symmetric  about  the  centerline of the  jet  where  the  velocity  is  uniform and this 
centerline  level  persists  for  at  least 4 jet  diameters  downstream. 
Figure 5 presents  normalized  velocity  distributions  in  the  wall-jet  regime of flow, 
where Um is the peak velocity in the wall jet and r ]  is the  vertical  height  corre- 
sponding to U = Um/2. The wall jet, which was first  studied by Glauert (ref. 23), is 
characterized by a thin  boundary  layer  near  the  surface  and a free  shear  layer  above. 
Glauert found that  flow  similarity  could  be  achieved if the  Reynolds  number  did not vary 
appreciably. It is seen in the figure that, for [/d 1 3, similarity is reached in agree- 
ment with Glauert 's  analysis. 
1 /2 
The  impingement  regime,  which  is  much  more  complicated, was  not studied  in 
detail in reference 18. However, other studies (refs. 2, 12 ,  and 24) indicate that the 
regime is dominated by large-scale,  well-defined  vortex  structures  in  the  flow  which 
form  at  the  nozzle  exit,  propagate  downstream,  and  become  strongly  altered upon impact 
with the surface. The impingement regime can be considered contained within the cylin- 
drical region q/d < 2 and [/d < 3. 
Surface Pressure Measurements 
Root-mean-square  levels. - Figure 6 presents  the fluctuating-surface-pressure 
coefficient as a  function of radial  distance  measured  outward  from the  jet-impingement 
stagnation  point.  The  coefficient is expressed as 5 q. ,  where fjs is the root-mean- 
square fluctuating surface pressure and q is the centerline dynamic pressure in the 
jet  exit  plane.  The  results are shown for  the  four  test  Mach numbers  at a jet  height of 
s i  J 
j 
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5 diameters above the surface. The coefficients are relatively high compared with 
boundary-layer  pressure  fluctuations  for  which  coefficients  in  the  neighborhood of 0.006 
are typical (ref. 25). Note that although the jet-exit mean flow is compressible,  the 
fluctuating-pressure-coefficient distribution is nearly independent of Mach number. At 
[/d = 0,  the  level is slightly  lower  than at the two  adjacent  positions,  which would be an 
indication of the  uniform  flow  along  the jet centerline, as shown  in  figure 4. According 
to  Glauert (ref. 23), for  large  Reynolds  number,  the  maximum  velocity in the  wall  jet Um 
is inversely proportional to the distance from the stagnation point [. In this study, in 
the region [/d > 3, the fluctuating-pressure coefficient varies as [-2. Thus, the fluc- 
tuating  pressure is directly  proportional  to  the  square of the  maximum  velocity  in  the  wall 
jet. 
Radial  distributions of fluctuating-surface-pressure coefficient  are  presented  in  fig- 
ure  7 for  the  three  test  jet  heights  at a fixed  jet Mach number of 0.70. Here, the  data 
show a dependence on jet height when (/d < 3. In the region 0.70 < [/d < 3, the closer 
the jet to the surface, the higher the fluctuating-pressure level. This is not surprising, 
since  the  magnitude of turbulence  fluctuations  at  equivalent  stations  in  the free jet  exhibits 
a similar trend. For [/d > 3 however, the levels are independent of height. This is 
consistent with the  description of the  wall-jet  regime.  The  fluctuating  properties  in  the 
flow  become so dominated  by  the  surface (or wall)  that  they are not affected by upstream 
conditions. 
Spectra.-  The  effects on the  pressure  spectra of the  radial  surface  position, Mach 
number, and jet  height-to-diameter  ratio are shown in figures 8, 9, and 10,  respectively. 
Power  spectral  density of fluctuating  surface  pressure is presented  in  figure 8 for  various 
surface microphone positions. The data are for M. = 0.70 and h/d = 5. Spectral 
shapes are strongly dependent on position. Positions from E/d = 0 to 0.44 are  a l l  within 
direct  impingement of the jet and show high levels  at all frequencies.  Positions  from 
[/d = 1.00 to 1.80 are in the outer impingement regime and have similar shapes and 
levels with spectra peaking in the 1000- to 2000-Hz mid-frequency range. Positions 
f rom [/d = 3.00 to 5.20 are all in the wall-jet regime and show a systematic decrease 
in  the  high-frequency  end of the  spectra. 
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The  effect of changes  in  Mach  number on the  power  spectral  density is presented in 
figure 9 for  the  stagnation  point  ([/d = 0)  and for a position  in  the  outer  impingement 
regime ([/d = 1.80).  Spectral  shapes  are  similar  for  the  Mach  number  range shown. 
(Data are not shown for  M. = 0.85,  since  these  particular  surface  transducers were 
damaged  during  this  particular  test.) 
J 
The  effect of changes  in  jet  height is shown in figure  10  for  the  same two surface 
positions as in figure 9. Here, the spectral shape varies with h/d. At the stagnation 
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point (fig. lO(a)) and as h/d is reduced from 10 to 5, the low-frequency power decreases 
about an order of magnitude. In contrast, in the outer impingement regime (fig. 10(b)), 
there  is only a slight  decrease  in low-frequency  power  while  the  mid-  and  high-frequency 
levels  increase. 
The  systematic  trend of spectral  shapes in the  wall-jet  regime as evidenced by fig- 
u re  8, along  with  the near  similarity  in  wall-jet  velocity  profiles as derived by Glauert 
and  shown in  figure 5, suggested  that  similarity  in  the  power  spectral  density of fluctuating 
surface  pressure could  perhaps be achieved for  the  wall-jet  regime.  Indeed, Hodgson 
(ref. 13) has shown that  similarity  does  exist  for a radial  wall jet at low subsonic Mach 
numbers. A nondimensional  power  spectral  density is plotted  in  figure 11 as a function 
of nondimensional  frequency.  Hodgson  nondimensionalized  his  data  with  the  peak  velocity 
in the wall jet Um, the  vertical  distance  to  the  peak  velocity  qm,  and  the  distance  to 
that point in the free shear  layer  1/2 where the velocity w a s  U,/2. These values of 
U and 7, obtained from  resul ts  of reference 18, were also used to nondimensionalize 
the spectra in figure 11. Data are presented for positions in the wall-jet regime [/d 
from 3.00 to 5.20, jet heights h/d from 5 to 10, and Mach numbers Mj  f rom 0.54 
to 0.85. There  appears  to  be a reasonable  collapse of the  measured  results  considering 
the  range of data  considered.  Perhaps  more  surprising is that  these  data  agree  very 
well on a quantitative basis with Hodgson's data (ref. 13). Hodgson's  measurements 
covered a s imilar  [/d range, but h/d was fixed at 0.5  (an entire order of magnitude 
less than h/d for the present tests) and Mj < 0.3. These present results,  therefore,  
show  that  for  the  wall  jet  the fluctuating-surface-pressure power  spectral  density is 
dependent on the peak velocity in the wall jet Um and  the  thickness of the  free  shear 
layer ql/2 - qm and virtually independent of h/d  and Mj  over a wide range of 
both these  parameters.  
Correlations.-  Figure 12 presents  broad-band  space-time  cross-correlations  for 
various microphone positions relative to [/d = 0.44 ,  hereafter referred to as tref) 
for  the case of Mj = 0.70 and h/d = 5. A correlation peak was not identifiable for 
[/d = 3.60, 4.40, or  5.20. This, again would be an indication of the wall-jet regime, since 
the statistical propert ies   there   are  not strongly related to those at [/d = 0.44. Qualita- 
tively,  the  curves are similar  to  those  reported  in  reference 14 for  normal  jet  impinge- 
ment  at a jet  velocity of 41 m/sec.  It is seen  that  the  statistical  properties of fluctuating 
pressure  change  along a radial  path  going  outward  from  the  stagnation  point.  The  space- 
time  correlation  curves  clearly  have  the  character which would be  associated  with a con- 
vected  pressure  field  slowly  losing its correlation as convection  proceeds.  Whereas  to 
an  observer  fixed  in  space (a single curve  in  fig. 12), the  pressure is correlated only for  
a short  time,  to  an  observer who moves  with  the  field so as to  be  always  at  the  position 
of maximum  correlation,  the  field would appear  to  lose  correlation  at a much  slower  rate. 
Indeed, an  envelope  was  drawn  to  the  family of curves in  figure 12 which  defines  the 
( 
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so-called  "autocorrelation  in  the  moving  frame"  (ref. 26). A curve  was  plotted of sepa- 
ration 5 - tref versus time delay 7 for points on the envelope. The result is pre-  
sented  in  figure  13(a).  The  slope  was  taken at the  data  points  shown  and  this  was 
interpreted as the local eddy convection speed Uc at these respective points. 
Figure  13(b)  presents  the  results  for  the  convection  speed, as obtained  in  this 
manner.  Also, shown for  comparison is the  value of the  peak  velocity of flow  along  the 
surface  obtained  from  reference 18. Both curves  decrease with separation because of 
radial  spreading.  The  convection  speed is less than the peak mean flow velocity, varying 
between 50 and 60 percent of Urn. 
Space  cross-correlations of fluctuating  surface  pressure are presented  in  figure  14 
for several  values of h/d a t  a Mach number of 0.70. The microphone position which 
corresponded to [/d = 0.44 was again chosen to be the fixed, reference tref while 
the  other  was  varied  over  the  remaining  outer  positions.  The  correlation  curves  fall off 
very  rapidly  with  increasing ( 5 - tref )/d, reach a minimum  negative  value,  and  then 
approach zero. As h/d increases, the value of (/d corresponding to the first zero 
crossing  increases.  This  value  can be considered  to  be a measure of the typical eddy 
size,  o r  correlation  length,  which is seen  to be about one-half of the  jet  diameter.  The 
correlation  curves  in  figure 14 did not change  appreciably  with jet Mach number. 
It is interesting  to  note  that both  the  space  cross-correlation of figure 14 and  the 
autocorrelation of figure  12 show significant negative values of correlation.  Theoretical 
work by Kraichnan  (ref. 27) and later by Hodgson (ref. 13)  on particular  models of 
boundary-layer  flow  indicates  that if the  fluctuating  surface  pressure is mainly  the  result 
of interaction  between  the  turbulence  and  mean  shear,  then  the  correlation  should  satisfy 
the  boundary  conditions  that  both  the  integral  length  scale 
and  the  integral  time  scale 
be  almost  zero.  The  present  experimental  data on the  developing  wall  jet  have  roughly 
equivalent  positive  and  negative  contributions  to  the  integral of the  correlations  and  hence 
are consistent  with  these  predictions. 
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Far-Field  Noise  Measurements 
Overall  sound  pressure  levels.-  Figure  15  presents  the  variation of overall  sound 
pressure  level (OASPL) with  jet  velocity.  Results are shown for  jet  height-to-diameter 
ra t ios  of 10, 7, and  5  and for  the free jet. The  data  were  taken  in  the far field at a radial  
distance of 48 jet diameters and at an  angle of 55' from  the  normal.  The  variation  for 
the free jet follows a U.8 law, as expected. The impingement cases also exhibit about 
the  same  (or  slightly  greater)  variation.  This  result is consistent  with  that found in ref- 
erence  16  for  sound  power  levels  resulting  from  jet  impingement on a large  piece of ply- 
wood. Note also  that   for all velocities,  the  noise  level  increases as the  jet is lowered 
closer  to  the  surface.  Jet  impingement  increases  the  noise by more  than  6  dB  for all 
cases;  hence,  one  would  expect  that  jet  noise  reflection,  although  surely  present, is not 
the only phenomenon involved. 
J 
Figure 16 presents the directivity patterns for M. = 0.70 for the various impinge- 
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ment  cases  and  for  the free jet.  Because of symmetry about a direction  normal  to  the 
surface,  far-field  measurements  were  taken  in only  one  plane  and in  one  quadrant of that 
plane (see fig. 1). The size of the experimental apparatus prohibited measurements from 
being taken in the region on the other side of the  surface.  However,  noise  levels were 
anticipated  to  be  extremely low there  because of shielding of most of the spectra  (except, 
perhaps  for  the  lowest  frequencies) by the  surface.  The  directivity  patterns  exhibit a 
general  trend of increasing  noise  with  decreasing  jet  height;  however,  for e > 50°, the 
amount of increase is very angle dependent. In the  region  upstream of the jet, the 
impingement  noise  level  shows a large  increase  over  that of a f ree  jet, but the  increase 
is not dependent on jet height. Near e = 60°, the h/d dependence is strongest, and 
large increases  in impingement noise are still present. At 0 = 90°, the h/d depend- 
ence  becomes  insignificant  and,  in  addition,  there is little  evidence of any noise  associated 
with impingement. 
In  this  regard,  it is interesting  to note that any  noise  radiation  emanating  from  the 
impingement  and  wall-jet  regimes would undergo  refraction by the  mean  flow  on i t s  way 
to the far field.  The  effect of the  velocity  profile in the free shear  layer would be  to 
refract  the  acoustic  radiation  away  from  the  flow  direction  (the 90° direction).  This  may 
account  for  the  observed dropoff  in  level  in  figure  16,  since  the  noise  in  the e = 90' 
direction would have  originated  from  sources  in  the  much  weaker  free-jet  regime. 
Spectra.-  Power  spectral  density of the  far-field  noise at several  angle  positions 
is presented in figure 17. The spectra are s imilar  over  much of the 8 range, except 
for  the  largest  angle  which  shows  much less mid- and high-frequency power. Since 
refraction is expected  to  increase  with  increasing  frequency,  this  result  supports  the 
explanation for the dropoff in level near 8 = 90' in figure 16. The data shown here  are 
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f o r  one test  Mach number and one particular h/d. Other test conditions also revealed 
a s imilar  e independence. 
Figure 18 presents  power  spectral  density of the  far-field  noise  for  several jet 
Mach numbers. The individual curves show the same  systematic  increase with Mach 
number as did  the  fluctuating  surface  pressure (refer to  fig. 9). A  prominent  feature of 
figure 18 is the  large  amount of energy  concentrated  in a narrow  band  around a frequency 
of 2000 Hz for  Mj = 0.85. At high flow speeds, the time for large-scale ordered flow 
patterns  leaving  the  jet  to  convect  to  the  plate is on the  order of the  time  for  acoustic 
waves  resulting  from  impingement  to  propagate  upstream  to  the  jet  exit.  Under  proper 
conditions, a feedback  loop is formed  whereby  each  successive  cycle of the  large-scale 
structure in  the  jet is triggered by the  upstream-traveling  pressure  waves of the  previous 
cycle.  The  additional  acoustic  energy  resulting  from  this is concentrated in a narrow 
band near  the  feedback  frequency.  This  phenomenon  was  first  studied by Wagner (ref. 28). 
Wagner  derived  the  semiempirical  relation 
to  predict  the  discrete  tone  frequency.' Although Wagner's  jets  were  small  (1.5  cm  diam- 
e te r  or less), his  equation  predicts a frequency of about 1800 Hz which is not far below 
that  measured  for  the much larger  jet  of the  present  test.  The  effects of the  narrow-band 
acoustic  energy  on  the  enhancement of the  existing  broad-band  noise are unknown. 
The effect of h/d on power spectral density of the far-field noise is presented in 
figure 19. As with the fluctuating surface pressure in figure 10, the shape is dependent 
on h/d. Whereas the mid- and high-frequency portions of the spectra show a definite 
increase in  level as the  jet is lowered  to  the  surface,  the  low-frequency  end  shows  an 
opposite effect. In fac t   for  h/d = 5, the low-frequency power approaches that of the free 
jet. The jet-impingement process, therefore, enhances the noise-producing sources of the 
f r e e  jet to  various  degrees  depending on the  frequency  range. 
The  redistribution of acoustic  energy as a function of frequency  which  occurs when 
a free jet  impinges on a surface is made  further  evident  in  figure 20. In this  figure,  one- 
third-octave  band  spectra are plotted in nondimensionalized  form as a funct.ion of Strouhal 
number. The spectra were taken at 6' = 55' and M. = 0.70. The impingement data are 
fo r  h/d = 5. Jet impingement produces a much more peaked spectrum than the free jet, 
with less energy in the low-frequency bands and more in the mid-frequency range. This 
mid-frequency  range is the  same as that  which has  been  reported  for  the  rate of formation 
of large-scale  ordered  structures  observed in free je ts  (refs. 29 and 30). Further,  it   has 
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been  reported  (ref. 30) that  these  structures  govern  the  production of turbulent  fluctuations 
which radiate .broad-band jet noise.  The  present  data  suggest  that  this  noise-producing 
process  may be enhanced by jet impingement. 
Surface  Interaction  Noise 
In  the  previous two sections of this  report ,   results were presented  for  the  fluctuating 
surface  pressure  and  the  far-field  noise.  Certain  similarities  exist  between  the two se t s  
of results.  Both show increasing levels with  increasing Mach number and decreasing jet 
height. Both show increases  in  the  relative  amount of low-frequency power as the  jet is 
raised. In addition, both sets of spectra peak in the mid-frequency range (around 1000 Hz). 
The  peak  implies  that  an  ordered  structure of relatively  large  scale  plays a role in  both 
the surface pressure and acoustic results. Indeed, recent studies of jet noise (for 
example, ref. 29) indicate  large-scale  vortex  patterns  in  the  free  jet  being  formed  at  the 
nozzle  exit at an  average  Strouhal  number of about  0.3  based  on  frequency,  jet-exit  speed, 
and jet diameter.  This  Strouhal  number  approximately  matches  the  present  jet- 
impingement data peak. Also, in reference 28 it was observed that similar large-scale 
structures  were  present in  the  jet-impingement  process  and,  furthermore,  that  these 
structures  were  responsible  for  the  strong  feedback loop  and resulting  narrow-band 
acoustic  radiation  which  developed  at  high Mach numbers (as witnessed by the Mj = 0.85 
data shown in fig. 18). Hence, there is evidence that large-scale ordered Structures are 
important in the jet-impingement process. The present experimental results, although 
not providing  any new insight  into  the  process of sound  production by these  structures,  
do add additional evidence suggesting their importance. Nevertheless, causal relation- 
ships  between  the  surface  pressure and  the  noise  can  be  developed  and  major  noise- 
producing  regions of the  flow  can  be  identified. 
An analysis of surface interaction noise is presented in the appendix. The analysis 
is based on Curle's  equation  (ref. 22) and employs a variation of Powell's  image  argument 
(ref. 19) fo r  flow over infinite surfaces. A sketch of the  real and an image flow system 
for the jet-impingement process is shown in figure 21. Typical source 7 and field point 
locations Z are shown. Powell replaced the surface with the image system and described 
the  far-field  noise  in  terms of both the real and image  flow. In the  appendix,  it is shown 
that  under  certain  conditions,  the  impingement  noise  can  also be approximately  described 
by the  surface  pressures  alone. In particular, it is shown that  in  the  geometric  and 
acoustic far fields (1x1 >> 171 and 1.1 >> A) and when the major acoustic sources are 
near  the  surface kqo << 1)' the  autocorrelation of the  far-field  noise  can  be  approxi- 
mately  expressed as 
( 
13 
and  the  auto-power-spectral-density is 
For the  present  jet-impingement  tests,  the  assumptions of being  in  the  geometric 
and  acoustic far fields are reasonable.  The  additional  noise  sources  due  to  impinge- 
ment  must be contained  in  the  impingement and wall-jet  regimes, and  not in  the free-jet 
regime.  Moreover,  the  rapid  falloff  in  fluctuating  pressure  level with radial  distance 
f rom the  stagnation  point  suggests  that  the  sources are not far fromthe  stagnation  point. 
Hence, >> 171 and  the  geometric  far-field  assumption is most  likely  met.  Also, 
the  power  spectral  density of the  far-field  noise is almost  entirely  contained  within  the 
frequency  range of f rom 200 to  10 000 Hz.  This would satisfy  the  acoustic  far-field 
assumption (IFF( >> A) over most of this range. 
Whether o r  not  equations (1) and (2) are good approximations  to  the  present  results 
depends on the location of the acoustic sources. The actual locations are unknown. For 
an  assumed  source  at [/d = 3  and qo = q1 kq << 1 implies f << 4000 Hz. For 
sources  closer  to  the  surface,  the  frequency  limitation would be relaxed. Hence, this 
assumption is also not unreasonable. 
/2 
The  mean-square  acoustic  pressure  in  the far field  can be found by setting T = 0 
in equation (1). Then,  the  contribution  to  the  far-field  noise  per  unit  surface area is 
proportional  to  the  slope of the  cross-correlation  between  surface  pressure  and  far-field 
acoustic pressure at that value of retarded  time, T = r /c .  
Figure 22 presents the  normalized  cross-correlation  function, o r  the  correlation 
coefficient p as a function of time  delay T fo r  h/d = 5 (fig.  22(a))  and h/d = 10 
(fig. 22(b)). The  data are shown for  several  surface  microphone  positions  within  the 
impingement regime correlated with the far-field position at 0 = 55'. Identifiable corre- 
lations were not obtained in the wall-jet regime. For h/d = 5, the shape of the three 
correlations  obtained  from  transducers  nearest  the  stagnation point  changes  very  rapidly, 
reflecting  the  closeness of the  jet to the  surface  and  the  rapidly  changing  flow  in  this 
direct-impingement  regime;  thereafter  the  shape  varies little and is characterized by a 
negative  peak  followed by a positive  peak  with  the  level  decreasing  and  the width spreading 
with increasing [/d. For h/d = 10, the shape of the first three correlations changes 
slightly,  but  the  remaining  are  similar  in  shape  to  those of figure  22(a). Siddon (ref. 31) 
has  analytically  derived  this  latter  shape  for  the  cross-correlation by assuming a hydro- 
dynamic  pressure  field  with  properties of convection  and  decay.  These  properties  were 
present in the  current  tests, as was shown in a previous  section of this  report.  According 
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to Siddon, who assumed  "direct"  radiation  from  the  surface  to  the far field,  the  far-field 
noise is proportional to the slope of the cross-correlation at T = r/c. His analytic 
model  placed  this  particular  delay  time  at  the point  between  the  negative  and  positive 
peaks  where  the  correlation  crosses  the T-axis. 
To  find  the  contribution of each  surface  position  to  the  far-field  noise  requires 
taking the slope of the correlation function at T = r/c.   These  particular  delay  t imes  are 
identified by upward-pointing arrows in figure 22. It is seen that as F;/d increases ,  
the  correlations  occur at an  earlier time  than  the  arrow  indicates.  The  actual  slope at 
T = r /c  would then be a small  number  compared  with  the  slope  at  an earlier t ime (between 
the  negative  and  positive  peaks)  where  the rate of change of the  function is largest .   (This 
ear l ier   t ime is indicated by the downward-pointing arrow.) This difference in times  sug- 
gests  that  these  outer  surface  positions  do not radiate  directly  to  the far field. 
The  data of figure 22 are replotted in figure 23 to  better  compare  the  direct 
acoustic  travel  time ( T  = r/c) with  the earlier time  corresponding  to  the  maximum  slope 
of the correlation function T ~ ~ ~ ~ ) .  Slopes were not calculated for the first three corre- 
lations  because of the  uncertainty  in  which  slope  to  choose. A s  expected  from  the  previous 
figure,  for  the  remaining  correlations,  the  direct  acoustic  travel  time  shows  large  differ- 
ences from the maximum slope as [/d increases. Also shown in the figure are calcu- 
lated delay times based on an eddy convection model T~~~~ . That is, assume that the 
most  intense  noise is created upon impact of the jet with the wall (in the region, (/d < 1). 
The time for radiation to the far field should be very near r/c. Subsequently, the noise- 
producing eddies convect radially outward. Between any two surface positions, the average 
convection speed uc can be obtained from the fluctuating-surface-pressure cross- 
correlation.  For  each  position  [/d, a delay  time T~~~~ equal  to  r/c - [/uc was  cal- 
culated. The calculated results agree well with the measured results. Hence, it appears 
that the most intense noise radiates from the impingement regime. The smaller values 
of delay time for h/d = 10 compared with h/d = 5 may be attributed to the lower con- 
vection  velocities  for  the  former. 
( 
0 
Additional  information on noise  source  regions  can  be  obtained by examining  the 
cross-spectrum. Note that,  while  the  far-field  autospectrum is a real function,  the  cross- 
spectrum is complex. 
may  be  written as 
Then  the  contribution  to  the  far-field  noise  per  unit  surface area 
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A quantitative  evaluation of the  noise by integration  over  the  surface would require 
many more  surface  pressure  measurements  to  define  the  cross-spectra  for all 3; and is 
beyond the scope of the  present  investigation.  However,  qualitatively it is seen  that  the 
noise is proportional to the magnitude of the cross-spectra. The frequency factor, w, 
indicates  that  the  far-field  noise  spectra  should rise faster than  the  cross-spectra at low 
frequency  and fall off slower  for high frequencies.  The  sine  factor  oscillates  very  rapidly 
since r >> X and produces major reinforcements and cancellations from different posi- 
tions on the surface.  This  in itself, would make  numerical  integration a tenuous task. 
The  cosine  factor  resulted  from  the  choice of focusing  on  the  surface  pressures  rather 
than the turbulence itself. Indeed, it was seen  in  figure 16 that  the  far-field  noise  dis- 
played a directivity that dropped off rapidly as 0 approached 90' 
CONCLUSIONS 
Results  have  been  presented  from  an  experimental  study of the  fluctuating  surface 
pressure  and  far-field  noise  produced by a subsonic  jet  impinging  normally  to  a  large, 
rigid  surface.  The  tests  were  performed  in  an  anechoic  room  for  jet Mach numbers 
f rom 0.54  to  0.85  and  for  jet-to-surface  heights of from  5  to 10 jet  diameters. An ana- 
lytical  formulation was given  to  establish the relationship  between  surface  pressure  and 
far-field noise. It was found that 
1. In the  geometric  and  acoustic far fields  and  for  cases  where  the  noise  sources 
are near  the  surface,  apparent  localized  noise-producing  regions of the  flow  can  be  found 
through  cross-correlations of fluctuating  surface  pressure  and  far-field  acoustic  pressure. 
Experimentally  determined  cross-correlations  indicated  the  inner  part of the  impingement 
regime  within  one  jet  diameter of the  stagnation  point  to  be  the  major  contributor  to 
impingement  noise. 
2.  Far-field  noise  spectra  due  to  jet  impingement  were  highly  peaked  at a Strouhal 
number of 0.3; this  result  suggests  that  large-scale,  orderly  structures  in  the flow  may 
be  involved  in  the  process of sound  production. 
3. Power  spectral  density  measurements of far-field  noise  revealed  large  changes 
in  spectral  shape  (frequency  content  and  level)  with  jet  height  but showed little  change  in 
shape with jet Mach number except fo r  M. = 0.85 where a feedback mechanism caused 
high-amplitude,  narrow-band  acoustic  radiation. 
J 
4. Overall  sound  pressure  level  varied as the  eighth  power of the jet velocity,  with 
noise  levels  increasing  in  most  directions as the jet was  lowered  closer  to  the  surface. 
5. Directivity  patterns showed a weak  dependence on direction,  except  for  directions 
nearly  parallel  to  the  surface  where  the  level  dropped  considerably. 
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6. Space-time  correlations of surface  pressure  indicated a radially  spreading, 
convecting,  decaying pressure  f ield with  correlation  lengths  on  the  order of one-half the 
jet diameter  and  convection  speeds  ranging  between 0.5 and 0.6 of the  peak  wall-jet 
velocity. 
7 .  Power  spectral  density  measurements of surface  pressure  in  the  impingement 
regime  revealed  large  changes  in  level  and  shape  with  surface  location  and jet height  but 
showed very  little  change  in  shape  with jet Mach  number  (in  the  range  from 0.54 to 0.70). 
In  the  wall-jet  regime,  normalization of the  spectral  data was achieved  over  the  entire 
range of test variables by using  the  peak  velocity of the  wall  jet,  the  vertical  distance  to 
the  peak  velocity,  and  the  distance  to  the  point  in  the free shear  layer  where  the  velocity 
was one-half  the  peak  value. 
8.  Root-mean-square  surface  pressures  were  proportional  to  jet  exit  dynamic  pres- , 
sure  over  all Mach numbers,  but  were not proportional  in  the  impingement  region  for all 
jet  heights. 
Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
December 19, 1978 
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APPENDIX 
ANALYSIS O F  SURFACE  INTERACTION NOISE 
Consider a region of turbulent  flow  in  which a stationary  rigid body is present.  The 
acoustic  pressure  radiated  from  such a region  was  given by Curle (ref. 22), as an  exten- 
sion  to  Lighthill's  general  theory of aerodynamic  sound (ref. 32): 
where 3; locates the source points, 'i is a field point, Pi is the force per unit area 
exerted on the fluid by the surface in the xi-direction, Tij is the  Lighthill  stress  tensor, 
and r = I-ji - 71. The first term in equation ( A l )  is equivalent to the sound generated in 
a medium at r e s t  by a distribution of dipoles of strength Pi. Both shear  and  normal 
stress fluctuations may comprise Pi. The second term is the well-known Lighthill 
integral  for  turbulence-generated  quadrupole  noise. 
Now consider  the  application of Curle's  equation  to a jet impinging on a surface. 
Assume  that  surface  shear stresses are small  compared  with  the  intense  normal  fluctu- 
ating  surface  pressures  measured. A purely  passive  role is played by surface  pressures  
in  the  radiation of noise  for  flow  over a rigid,  infinite  surface.  This  was  demonstrated 
by  Powell  (ref.  19) who applied  Curle's  equation  to  the real flow system  and  to  an  image 
system (which replaced  the real surface, see fig. 21); that is, for  the real system,  the 
far-field  noise was given by 
where ps represents the fluctuating surface pressure and 3 is in the direction of the 
outward normal (also, q-direction). The image system does not contribute noise to the 
far field;  hence, 
Now the outward normal to surface A' is the negative of the normal to A. Hence, adding 




(The last expression is a shorthand  notation  used  by  Powell.) By comparing  this  result 
with  equation  (Al), it is seen  that  the  volume  integral  over  the  image  system  provides  the 
same  contribution  to  the  far-field  noise as does  the  surface  integral  over  the  actual  sur- 
face.  Since  the  image  system is purely a reflection of the real system, Powell concluded 
that  the  role of the  rigid,  infinite  surface  was  passive,  merely  reflecting  the  sound  gen- 
erated by the  flow. 
I 
For the  present  test,  this  situation would seem  to apply very well. The highly 
polished,  large,  rigid  surface would serve  to  deflect and turn  the flow from  the  initial 
direction of the  jet, and thereby  increase  the  flow  turbulence  levels.  The  turbulence 
would generate quadrupole noise, in accordance with Lighthill. The far-field microphone 
would receive  this  noise both directly and reflected  from  the  surface.  Indeed,  the  experi- 
mental  acoustic  data  show a sizable  increase  in  noise  level  for  jet  impingement  over  that 
of a free jet. Also, the data show a Uj8 velocity dependence, which is consistent with 
that  obtained by Lighthill  for  quadrupole-generated  jet  noise. 
To  attempt to  analyze  the  far-field  radiation  in  terms of Tij,  however, would be a 
prodigious task beyond the scope of the  present  endeavor.  Instead,  it w a s  decided to 
study the fluctuating surface pressure ps, which i s  a much less formidable undertaking. 
The task remained to relate ps directly to the far-field acoustic pressure p. This 
can be accomplished  by  recasting  the  image  argument of Powell  with  a  different  emphasis: 
Instead of adding equations (A2) and (A3), subtract them. The result is 
The  shorthand  notation r is used  to  indicate  that  the  image  system is subtracted 
f rom the real  flow  system.)  This  form of the  equation  for  the  far-field  noise  emphasizes 
the  surface  term  (the  doubling of the  integral  includes  the  effect of reflection) at the 
expense of the  volume  terms. 
.jV-V' 
It will  be  useful  to  the  discussion  on  surface  interaction  noise  to  establish how the 




By  performing  the  spatial  differentiation on the  integrals  in  equation (A5) and  considering 
the geometric and acoustic far fields, where 121 >> 171 and r >> X, the far-field 
acoustic  pressure  becomes 
x.x 
p(2,t) = 1 5 ps(y,t-r/c) dA(7) + 1 j  lVmvf ,t2 a  Tij(P,t-r/c)  dV(7) 
2ncx A at 
where Q is the angle between the outward normal and the field point x. - 
If equation (A6) is multiplied  with  the  complex  conjugate of the  acoustic  pressure, 
p*(x,f) a t  a new time ? and then a time average is taken, the result is 
+ 1 (-$ Tij(?,t-r/c) (A71 
4 2 4 x 3  v-V' 
If p, ps, and Tij represent stationary random variables and i f  ^t = t + T ,  then 
where R(T) is the autocorrelation o r  cross-correlation function and forms a Fourier 
transform  pair  with  the  auto- or  cross.-power-spectral-density,  respectively, 
Siddon (ref. 31) has  previously  demonstrated a s imilar   form of Curle's  equation  and 
applied  it to small  circular  planform  airfoils  immersed  in  low-speed  open  jet  airflow. 




that  the  fraction of acoustic  radiation  per  unit area dFtpp/dA from  the  surface  was 
proportional  to  the  slope of the  cross-correlation  function 3 7  at the appropriate 
value of retarded  time.  The  present  result,  equation (A8), has  an  additional  term  because 
of the  difference  between  the  turbulence-generated  noise  in the flow  and  in  the  image 
space.  Under  certain  conditions, as will now be shown, this  difference  becomes  small 
and may be neglected. First change  over  to  the  frequency  domain, by taking  the  Fourier 
transform of both s ides  of equation (A8) 
Integrating by par ts  (once on the  surface  integral and twice on the  volume  integral) 
resul ts  in 
or  from  the  definition of the  cross-spectrum, 
Now, it  has  previously  been  assumed  that  noise 
far field, where IZI >> 171. Then the contribution of the volume integrals in equa- 
tion (Al l )  becomes  that  due  to  the  actual  source  distribution  together  with  that  due  to  an 
image  source  distribution of opposite  sign  and  equal  absolute  value  located at points 
inverse with respect to q = 0 to the points of the actual distribution. The integrand 
can  then be written as 
d m )  (-41 1) 
measurements were taken  in  the  geometric 
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In  the far field  (refer  to  fig. 21), 
and 
where 7, is the vertical height of the assumed source at 7 above the surface. 
The  integrand  can  then be expressed as 
(,*(X-Y cos  @) - eik(x-y  cos *+2q0 COS e) ) 'Tijp 
o r  
ik(x-y COS @+I?, COS e) 
'T. .p 
1.l 
Hence, for  kqo << 1, the integral vanishes. The effect of sources  within an acoustic 
wavelength of the  boundary  tends  to be canceled  by  the  effect of the  image  sources. 
It  should  be  pointed  out  that Doak (ref. 33) has  theoretically  studied  acoustic  radia- 
tion from a turbulent fluid containing surfaces by means of Green functions G. He 
showed for  an  infinite  plane  that  either  the  volume  sources  and  their  images or fluctua- 
tions of the pressure  on  the  surface could  be  examined  depending on whether  for a 
boundary  condition  aG/axn or G was chosen to vanish on A. The present formula- 
tion,  using  Curle's  equation as the  starting  point, is equivalent. 
In summary,  in  the  geometric  and  acoustic far fields, and for  cases  where  the 
sources  are  near  the  surface kqo << l) ,  the  autocorrelation of the  far-field  noise  can  be 
approximately  expressed as (eq. (1)) 
( 
R (T,Z, T+r/c) dA(7) 
27rcx A a 7  PsP 
and  the  auto-power-spectral-density as (eq.  (2)) 
2 2  
APPENDIX 
Hence,  measurements of fluctuating  surface  pressure  can be thought of a’s local 
indicators of turbulence  in  the  flow  and  cross-correlations  and  cross-spectra  between 
surface  pressure  and  far-field  acoustic  pressure  can be thought of as a measure of the 
strength of apparent  localized  noise-producing  regions of the  flow. 
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Figure 1 . -  Experimental  apparatus  in  anechoic  room. 
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Figure 2. - Surface microphone arrangement  and  cross-section 
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Figure 3.- Sketch showing jet-impingement  flow  field,  flow  regimes, and coordinate  system. 
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Figure 4.- Typical  radial  distributions of velocity for  free jet. 
Mj = 0.93. (From ref. 18.) 
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Figure 5.- Normalized  velocity  distributions  in  the  wall-jet  region. 
M. = 0.93; h/d = 5.  (From ref. 18.) J 
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Figure 7. -  Radial  distribution of fluctuating-surface-pressure  coefficient for several jet heights. Mj = 0.70. 
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Figure 8.- Power  spectral  density of fluctuating  surface  pressure at several  radial  distances [/d. 
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Figure 9.- Power  spectral  density of fluctuating  surface  pressure  at  several  jet Mach numbers. 
h/d = 5. 
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Figure 9.- Concluded. 
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Figure 10.- Power  spectral  density of fluctuating  surface  pressure at several  jet  heights. 
Mj = 0.70. 
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Figure 11.- Nondimensional  power  spectral  density of fluctuating 
surface  pressure in  wall-jet  regime. 
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Figure 12.- Space-time  correlations of fluctuating  surface  pressure  (relative  to tref = 0.44d). 
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Figure 13.- Determination of local  eddy  convection  velocity. 
Mj = 0.70; h/d = 5. 
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Figure 14.- Space  correlations of fluctuating  surface  pressure for several values d h/d. 
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Figure 17.- Power  spectral  density of far-field  noise  at  several  angle  positions. 
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Figure 18.- Power  spectral  density of far-field  noise  at  several jet Mach numbers. 
h/d = 5; 6 = 55'. 
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Figure 19.- Power  spectral  density of far-field  noise at several jet heights. 
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Figure 20.- Comparison of free and  impinging jet noise  spectra. 





Figure 21.- Sketch of real and  image  flow  systems  with  typical  source 
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Figure 22.- Cross-correlation  coefficient  between  surface  and  far-field  pressures. 
Upward-pointing arrows indicate delay time of r /c .  Downward pointing a r rows  
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